Tetrapyrrolic porphyrazine macrocycles with externally appended 2-pyridyl rings were synthesized and characterized as to their spectroscopic, electrochemical and photophysical properties. The investigated compounds are represented as [Py8PzH2], the unmetalated octakis(2-pyridyl)porphyrazine, and the metal complexes [Py8PzM] where M is Mg II (H2O), Cu II , Zn II or Co II . The spectroscopic properties and the electrochemical behavior of these compounds were examined in solution of polar (pyridine, DMSO and DMF) and non donor solvents (CHCl3, CH2Cl2) and the data compared with those obtained from earlier studies on the related tetrapyrazinoporphyrazines, [Py8TPyzPzM], and the tetraquinoxalinoporphyrazines, [Py8QxPzM], also bearing externally 2-pyridyl rings, and characterized by a more extended central -conjugated macrocyclic framework. The newly synthesized porphyrazines possess good solubility and are present in their monomeric form in all the examined solvents as shown by UV-visible spectra. The unmetalated species and metal derivatives undergo multiple one-electron reductions within the potential range of the non-aqueous examined solvents. The derivatives with non-redox active metal centers could accept four electrons on the conjugated macrocycle while the Co II complex was characterized by a single one-electron oxidation and five reductions in DMSO. The photosensitizer activity for the generation of singlet oxygen was also examined for the Mg II (H2O) and Zn II complexes in DMF, with measured ΦΔ values being, respectively, 0.42 and 0.64, this latter value indicating the Zn II species as being a promising material for use as anticancer agent in Photodynamic therapy (PDT).
Introduction
The synthesis and characterization of tetrapyrazinoporphyrazines with externally appended 2pyridyl rings was recently reviewed. 1 An example of these compounds is represented by derivatives having the formula [Py8TPyzPzM] where Py8TPyzPz represents the tetrapyrazinoporphyrazine dianion and M is a divalent metal ion ( Figure 1B) . One goal of the earlier studies was to explore their potential as photosensitizers in photodynamic therapy (PDT) 2 and to define possible interactions of these compounds with a telomeric G-4 quadruplex structure 3 and a ds model of B-DNA. 4 Based on measurements of UV-visible spectral and electrochemical data, it was established that the [Py8TPyzPzM] complexes bearing annulated electron-withdrawing pyrazine rings exhibit remarkably higher electron deficient properties than the related phthalocyanine analogs [PcM] (Pc = phthalocyaninato anion) which contain ß,ß-fused benzene rings. 5 This is clearly evidenced by the observed hypsochromic shift of the Q band positions and the easier uptake of electrons for these compounds.
As part of our ongoing studies involving porphyrazines, we wished to explore the influence of reducing or extending the central macrocyclic framework, with the aim of changing the size of the electron delocalized system. Accordingly, macrocycles having the formula [Py8PzM] ( Figure 1A ) and
[Py8QxPzM] ( Figure 1C ) were synthesized. The compounds in Figure 1A can be formally thought of as being derived from [Py8TPyzPzM] by removing the pyrazine rings from the compounds in Figure 1B 6 and the examined UV-visible spectra of these compounds in dimethylformamide indicate that the Q band maximum moves systematically towards the red as the macrocycle -system expands, ie. 635 → 658 → 759 nm for the sequence [Py8PzMg(H2O)] → [Py8TPyzPzMg(H2O)] → [Py8QxPzMg(H2O)]. TDDFT calculations of absorption spectra were made for the corresponding water-free model compounds,6 and a good agreement was found between theoretical calculations and the experimental data, thus providing a satisfactory description of the UV-visible spectra as determined by the electronic structural changes along the series.
A further aspect of our work recently focused on metal derivatives with the smaller macrocycle bearing the 2-pyridyl groups directly attached to each of the four internal pyrrole rings, ie [Py8PzM] ( Figure 1A) . Worthy of note is the fact that the Zn II complex in the series, [Py8PzZn], could be obtained from the corresponding Mg II analog under mild experimental conditions via a transmetalation process in glacial CH3COOH containing Zn(OAc)22H2O. The same type of reaction was attempted for the synthesis of Co II and Cu II complexes but this did not lead to satisfactory results since analytically pure compounds were not obtained. This suggested that a synthesis of the unmetalated [Py8PzH2] macrocycle was needed and could potentially open up perspectives for formation of a new series of compounds with different central metal ions. As described in the current manuscript, the octakis(2pyridyl)porphyrazine, [Py8PzH2], was successfully obtained from its Mg II complex and was used for the synthesis of its Co II and Cu II derivatives. The Zn II complex was also prepared via a conversion of [Py8PzH2] to [Py8PzZn] as an alternative to the transmetalation process.
Synthetic procedures are now reported in the current manuscript for all of the species represented as [Py8PzM] (M = 2H I , Mg II (H2O), Zn II , Co II , Cu II ), along with IR, UV-visible, NMR and electrochemical characterization of the compounds. The photoactivity of the Mg II and Zn II species is also reported in a non-aqueous solvent (DMF) with the goal of using these metal complexes as sensitizers for the generation of singlet oxygen, 1 O2, a topic of interest in PDT, with positive results as to their response in terms of quantum yields values (ΦΔ).
Experimental Section
Solvents and reagents were used as purchased, unless otherwise specified. Pyridine, dried by refluxing over CaO, and dimethyl sulfoxide (DMSO, RPE C. Erba), freshly distilled over CaH2, were used for the spectroscopic measurements. Methanol was dried over sodium and freshly distilled before use. The already reported 7 synthesis of 1,2-di(2-pyridyl)-1,2-dicyanoethylene, [(CN)2Py2Et], was slightly modified as recently described. 6 The Mg II complex [Py8PzMg(H2O)] was prepared following the reported procedure, 6 slightly modifying its purification (checked by UV-visible spectra; see Figure   S1 ) which was performed by column chromatography using alumina (Merck, activated, basic, 0.063-0.200 microns) as the solid phase and CHCl3 as first eluant, followed by the use of a gradient from 5% 7.590 (d, d, d, J = 6.9; 5.6; 1.0 Hz, 8 H; β, β'), 8.205 (d, d, d, J = 7.8; 7.7; 1.7 Hz, 8 H; γ, γ'), 8.910 (d, J = 7.8 Hz, 8 H; δ, δ' ). 13 7.460 (d, d, d, J = 7.7; 4.8; 1.0 Hz, 8H; β, β'), 7.959 (d, d, d, J = 7.7; 7.7; 1.8 Hz, 8H;  γ, γ'), 8.771 (d, J = 7.7 Hz, 8H; δ,δ'), -1.423 (s, 2H (NH)). 13 C NMR (CDCl3, 300 K): δ/ppm = 152.9
(2-pyridyl ring: quaternary C), 149.5 (α,α'), 122.7 (β,β'), 135.6 (γ,γ'), 129.0 (δ,δ'); signals of the pyrrol C atoms are not detectable due to low intensity. 
Synthesis of [Py8PzZn
1 H and 13 C assignments were obtained by means of HSQC experiments carried out using 1024 data points in the f2 dimension and 512 data points in the f1 dimension, a recycle delay of 1 s, and a coupling constant of 150 Hz. precursor. 6 For [Py8PzH2] a resonance peak assigned to the two protons of the central NH groups is located at -1.423 ppm (Figure 2A , inset). In going from the precursor to either the free ligand or the Mg II complex, the largest low field shift consequent to formation of the macrocycle is observed for the δ,δ' protons which are shifted by approximately 0.7-0.9 ppm. This resonance shift, independent of the solvent used, is due to the closeness of the pyridyl groups to the central Pz chromophore, paralleling results previously reported for the related metal-free ligand [Py8TPyzPzH2] and the related precursor 9 It is worth noting that a "clean" 1 H-NMR spectrum for a different synthesized batch of the Mg II complex was also obtained in DMF-d7, 6 which indicates that the Mg II complex can be easily obtained in its pure form. The Zn II complex [Py8PzZn] (either formed from the Mg II complex or from the unmetalated species) and the Co II and Cu II analogs were also obtained in pure form as indicated by 
Results and Discussion
Signal of the quaternary carbon of the pyridine rings; the other signals are not visible because comparable to the background noise.
The presence of clathrated water molecules in [Py8PzM] parallels previous findings for porphyrazine macrocycles bearing externally annulated heterocyclic rings. 5a The amount of clathrated water, which can change for the different prepared batches of each species, is generally removed by mild heating (ca. 100 °C) under vacuum (10 -2 mmHg). After the loss of water, thermogravimetric analysis of the Mg II derivative indicated that the complex was stable under an inert atmosphere up to temperatures of ca. 300 °C. A comparable thermal stability was also observed for the other reported mononuclear species but exposure of the heated samples to air generally led to rehydration of the materials. Due to the limited influence of clathrated water molecules on the general physicochemical properties of the examined compounds, they will be neglected in the given formulae of the described species.
The Mg II complex was earlier formulated as [Py8PzMg(H2O)] 6 and is reported in this study as having one water molecule axially ligated to the Mg II ion, in line with a similar formulation for the pyrazinoporphyrazine complex [Py8PyzPzMg(H2O)]. 5a The presence of such a water molecule is difficult to prove directly, but its presence is strongly suggested by the fact that the Mg(H2O) moiety, The IR spectra of [Py8PzH2] and its Mg II metal derivative over the range of 1800-600 cm -1 are shown in Figure 3 . The Co II , Cu II , and Zn II complexes exhibit quite similar spectral patterns. The IR spectrum of each M II derivative shows a characteristic doublet in the region 900-700 cm -1 , which suggests a structural analogy in the series with different metal derivatives. The position of this doublet varies with changes of the central metal ion and is located at 881/835 cm -1 for the Mg II complex ( Figure   3A ), 879/833 for M = Zn II , 898/845 for M = Co II and 892/838 for M = Cu II . In contrast, [Py8PzH2] has only a single peak at 860 cm -1 in the same spectral region ( Figure 3B ). Differences between spectra of
[Py8PzM], and [Py8PzH2] also appear in the region 1200-900 cm -1 . In this spectral region, [Py8PzH2]
shows a peak at 1120 cm -1 which is absent in spectra of the metal complexes. It should be pointed out that the spectrum of the corresponding tetrapyrazinoporphyrazine compound [Py8TPyzPzH2], exhibits an unsplit Q band (667 nm) in pyridine. 9 It should be noted that the observed 68-69 nm splitting of the Q bands for [Py8PzH2] in CHCl3 and CH2Cl2 is much higher than the 33 nm splitting observed in the same solvents for the corresponding free-base pyrazinoporphyrazine, [Py8TPyzPzH2]. 9 This seems to indicate that in going from [Py8PzH2] to [Py8TPyzPzH2], the splitting of the b2g and b3g HOMO energy levels decreases along with an extension of the -delocalized system.  combined with heating of the solution (a parallel time dependent behavior is observed in DMF). As can be seen from the figure, the initial spectrum shows two peaks at 598 and 661 nm which are attributable to the split Qx and Qy absorptions in addition to a peak at 633 nm, a position coincident with that of the low intensity peak also seen in the spectrum recorded in CHCl3, CH2Cl2 and pyridine. This is clearly attributable to the presence of a small amount of the free-base macrocycle being in its dianionic In order to further support the formation of the dianion [Py8Pz] 2in DMSO, a titration of [Py8PzH2] was performed in this solvent with TBAOH. The observed UV-visible spectral changes are illustrated Figure 6 , where it can be seen that the spectrum of the neutral species changes towards that of the corresponding dianion, with the peak of this latter centered at 641 nm, only slightly batochromically shifted with respect to the position indicated in Figure 5 . Accordingly, the concomitant disappearance of the absorptions of the neutral species at 597 and 661 nm is observed. 5a,b From these data it clearly appears that moving from the Figure 1 ). The theoretical calculations agree well with the UV-visible experimental data 6 in that there is a shift of the Q-band maxima from 636 to 658 and then to 759 nm in DMF as the macrocycle -system is further increased. 5a,b,d,2d and similar macrocycles bearing annulated diazepine 20 and thienyl rings, 21 have generally shown that each porphyrazine macrocyclic species can be reduced in four one-electron transfer steps and this is also the case for the currently investigated compounds, although the current-voltage curves were in many cases "complicated" by the presence of aggregation under some of the solution conditions. The electrochemical behavior of the present compounds is detailed here below.
Spectral behaviour of the complexes [Py8PzM] (Mg II (H2O), Co II , Cu

Electrochemistry
[Py8PzH2]. Cyclic voltammograms of the metal-free [Py8PzH2] in pyridine are illustrated in Figure   8 . A third reversible reduction of [Py8PzH2] is observed at -0.93 V in pyridine (see Fig. 7 ) and this process corresponds to reduction of the deprotonated [Py8Pz] 2macrocycle according to eq. 
The first and second reductions of [Py8PzH2] are harder than the first and second reductions of [Py8TPyzPzH2] , which is consistent with the smaller conjugated system in [Py8PzH2]. The same order in ease of reduction is also observed for the metal derivatives of these two macrocycles as described on the following pages. Surprisingly, the measured half wave potential for reduction of the deprotonated
[Py8Pz] 2in pyridine is exactly the same as E1/2 for reduction of [Py8TPyzPz] 2-(-0.93 V) under the same solution conditions. Almost identical values in half-wave potentials are also seen for the same two macrocycles in DMSO where [Py8Pz] 2is reduced at -0.87 V and [Py8TPyzPz] 2at -0.89 V (see Table 3 ). The last two reductions of [Py8PzH2] in pyridine are located at E1/2 = -1.53 V and Epc = -1.86 V as seen in Figure 8 . Like the first two reductions, these processes are harder (occur at more negative potentials) than the third and fourth reductions of [Py8TPyzPzH2] in the same solvent, the magnitude of the potential difference between the relevant redox reactions being 290 and ~250 mV, respectively (see Table 3 ). The lack of well-defined reoxidation peaks for the reductions of [Py8PzH2] at -1.53 and -1.86 [Py8PzM] where M = Cu II , Zn II and Mg II (H2O). The first one-electron reduction of the Cu II , Zn II and Mg II (H2O) porphyrazines is well defined in pyridine and located at -0.38, -0.46 and -0.54 V, respectively. These values can be compared to the first one-electron reduction of the analogous
[Py8TPyzPzM] derivatives which are reduced at -0.30, -0.34 and -0.40 V, respectively as seen in Table   3 . Thus, like in the case of the free-base derivatives, more facile reductions are again seen for
[Py8TPyzPzM] than for [Py8PzM], with the exact difference in potential varying with the type of central metal ion and following the order: Cu II (∆E1/2 = 80 mV) < Zn II (∆E1/2 = 120 mV) < Mg II (H2O) (∆E1/2 = 140 mV). The above separation in E1/2 between the two related metallomacrocycles with the same metal ion can be compared with a ∆E1/2 of 90 mV between half-wave potentials for the first reduction of [Py8PzH2] and the first reduction of [Py8TPyzPzH2] (see above discussion and Table 3) .
A second reversible one-electron reduction of [Py8PzZn] is observed in pyridine and DMSO. These reductions occur at -0.91 and -0.85 V, respectively, and are shifted negatively by 180 to 190 mV from E1/2 values of [Py8TPyzPzZn] in the same solutions, thus suggesting that the effect of the different π systems on E1/2 values is greater for the second electron addition than for the first.
Unfortunately, all other electroreductions of the Cu II , Zn II and Mg II (H2O) porphyrazines are illdefined due to the presence of aggregation after electroreductions. This is seen by the cyclic voltammograms in Figure 9 .
[Py8PzCo II ]. The Co II complex is characterized by four one-electron reductions in pyridine and five in DMSO. A single oxidation is also observed at +0.25 V in pyridine. This process is quasi-reversible and corresponds to the reaction Co II /Co III . A similar Co II /Co III process has been reported for the pyrazinoporphyrazine complex [Py8TPyzPzCo] in DMSO 5b as well as for Co The first one-electron reduction of [Py8TPyzPzCo] to its Co I form is reversible in DMSO 5b and this is also true for cobalt phthalocyanine [PcCo II ] in this solvent. Both of these processes occur at similar half wave potentials of -0.06 and -0.08 V (data in Figure 10 ), but this is not the case for [Py8PzCo] where the reduction and reoxidation reactions are split into two separate processes which are located at Epc = -0.32 V and Epa = -0.06 V for a scan rate of -0.1 V/s (see Figure 10 ). derivative under similar solution conditions (see Table 3 ). 
Quantum Yields of Singlet Oxygen (ΦΔ) and Fluorescence (ΦF) of [Py8PzM] in DMF.
The efficiency of singlet oxygen production, expressed by the singlet oxygen quantum yield ΦΔ values, of the complexes [Py8PzM] (M = Mg II (H2O), Zn II ), were examined in DMF and the results are presented in Table 4 . The measurements were performed by an absolute method, using a laser source at 635 nm, which is close to the Q-band absorption peaks for the two complexes. Solutions were found to be stable under laser irradiation during the experiments ( Figure 12A) . A drawing exemplifying a typical Stern-Volmer plot used to calculate the singlet oxygen quantum yield () of the sensitizers, according to Eq. 1 (see Experimental Section), is shown in Figure 12B for [Py8PzZn] . The first inset illustrates the related experimental data corresponding to the absorption decay at 414 nm for the 1 O2 scavenger, DPBF, recorded during irradiation of the solution. The  values are reported in Table 4 (see Experimental Section for the kd/kr values). Fluorescence quantum yields (F) obtained in DMF for the same species (c  10 -6 M) are also listed in the table. 25a-c Fluorescence emission spectra typical of porphyrazine macrocycles were obtained for the Zn II complex [Py8PzZn]. Figure 13 shows its absorption, excitation and emission spectra. The overall coincidence of the narrow Q bands in the absorption and excitation spectra indicates that monomeric species is almost exclusively present in solution.
Conclusions
As part of our continuing studies on porphyrazine compounds, which included extensive work show that the observed reversible first and second one-electron reductions in pyridine solution 
